We study the decay of heavy sterile Majorana neutrinos according to the interactions obtained from an effective general theory. We describe the two and three-body decays for a wide range of neutrino masses. The results obtained and presented in this work could be useful for the study of the production and detection of these particles in a variety of high energy physics experiments and astrophysical observations. We show in different figures the dominant branching ratios and the total decay width.
I. INTRODUCTION
The discovery of neutrino oscillations has been one of the most spectacular new results in high energy physics, and so far is the only compelling experimental evidence of the existence of physics beyond the Standard Model. The sub-eV left handed neutrino masses required by neutrino oscillation data are very difficult to generate just by the addition of right handed neutrinos to the Standard Model, as the Yukawa couplings should be very small compared to those of the other particles. The introduction of intermediate fermion heavy particles which are singlets under the SM gauge group -the right handed Majorana neutrinos-allows for the generation of light neutrino masses by the seesaw mechanism [1] [2] [3] [4] [5] [6] .
For the conventional seesaw scenarios often studied, the light neutrino masses are inversely proportional to an unknown lepton number violating large scale M N such that m ν ∼ m Thus, as it was explained in [9] , the detection of Majorana neutrinos would be a signal of physics beyond the minimal seesaw mechanism leading to the well known νSM lagrangian, and its interactions could be better described in a model independent approach based on an effective theory, considering a scenario with only one Majorana neutrino N and negligible mixing with the ν L .
The possibilities of discovering heavy Majorana neutrinos have been and are still extensively investigated, for example involving production and decay in e + e − and e − P colliders [10] [11] [12] [13] [14] [15] [16] [17] , in e − γ and γγ colliders [18] [19] [20] , in hadron colliders via lepton number violating dilepton signals [9, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , and recently including new production mechanisms [31] [32] [33] . Some searches are currently being performed in the LHC [34] [35] [36] [37] . Also, we can mention recent in-verse seesaw mechanism (ISS) [38] [39] [40] heavy neutrino production studies in collider contexts [41] [42] [43] [44] .
The study of sterile Majorana neutrino decays is an issue of great interest in different areas of high energy physics. Besides the mentioned detection in colliders by lepton number violation, other kinds of searches exploiting the displaced vertex and delayed photons techniques have been proposed and are taking place at the LHC [45] [46] [47] [48] [49] [50] [51] [52] . Also, searches in neutrino telescopes like Ice Cube [53, 54] have been proposed, and the new decay modes and their relation with the explanation of several anomalies as the sub-horizontal events detected by SHALON or the anomaly in MiniBoone [55, 56] are being investigated [57, 58] . In astrophysical environments, the cosmic and the diffuse supernova neutrino backgrounds can be used to probe possible radiative decays and other decay modes of cosmological interest [59, 60] .
With these motivations in mind, in this work we study the decays of heavy Majorana neutrinos in a general, model-independent approach in the context of an effective theory. In section II we present the effective operators and the analytical decay widths obtained for the different two-body and three-body channels. In section III we present our numerical results for the found decay modes, and discuss the bounds imposed on the values for the effective couplings. Our final remarks are made in section IV. The complete effective lagrangian and fermionic decay modes are left for the appendix.
II. EFFECTIVE OPERATORS AND DECAY WIDTHS
In this paper we consider the decays of a right handed Majorana neutrino N . As it is a SM singlet, the only possible renormalizable interactions with the SM fields could occur via the the Yukawa coupling, which as we mentioned earlier, must be very small if the νSM is to reproduce the observed tiny ν L masses. In an alternative approach, in this paper we consider that the sterile N interacts with the standard light neutrinos by effective operators of higher dimension. We consider this effective interaction to be dominant compared to the mixing via the Yukawa couplings, so we depart from the traditional viewpoint in which the sterile neutrinos mixing with the standard neutrinos is assumed to govern the production and decay mechanisms for the N .
In this approach we parameterize the effects of new physics beyond the Standard Model by a set of effective operators O constructed with the SM and the Majorana neutrino fields and satisfying the Standard Model SU (2) L ⊗ U (1) Y gauge symmetry [61] . The effect of these operators is suppressed by inverse powers of the new physics scale Λ -which is not necessarily related to the mass m N -for which we take the value Λ = 1 T eV [62] .
The total lagrangian is organized as follows:
For the considered operators we follow [9] starting with a rather general effective lagrangian density for the interaction of right handed Majorana neutrinos N with leptons and quarks. All the operators we list here are of dimension 6 and could be generated at tree-level in the unknown fundamental high energy theory. The first subset includes operators with scalar and vector bosons (SVB),
and a second subset includes the baryon-number conserving four-fermion contact terms:
where e i , u i , d i and L i , Q i denote, for the family labeled i, the right handed SU (2) singlet and the left-handed SU (2) doublets, respectively.
In addition, there are operators generated at one-loop level in the underlying full theory whose coefficients are naturally suppressed by a factor 1/16π 2 [9, 63] :
A. Two-body decays
The two-body decay channels for the heavy Majorana neutrino N are shown in Fig.(1) .
They receive contributions from the lagrangian terms originated in operators involving gauge bosons and the Higgs field, presented in (2) and (4), that lead to the effective lagrangian presented in A1 and A3. 
N . Finally we have the decay mode to a photon and an ordinary neutrino N → νA:
This decay mode leads to an interesting phenomenology, part of which was disused in [58] .
It is important to take into account here that the W and h resonant contributions to other decays, as can be seen in Figs. 5 (a) and (b) were already included in those decays and will not be added to the total width.
B. Three-body decays
The three-body decays of the heavy Majorana neutrino N involving gauge bosons and the Higgs field receive contributions from the lagrangians presented in (A1) and (A3), whereas the decays to three fermions come also from the operators presented in (3). The effective model we are working with also gives tree-level contributions to four-body decays, but as their contributions are very small, they are not presented in this work.
The three-body decay channels involving gauge bosons and ordinary neutrinos are shown in Fig The analytical expressions for the decay widths are:
In this process we discard the N → lW followed by the l → νW SM vertex contribution, because the amplitude is 
with α emg being the electromagnetic constant, and
Three-body decays with gauge bosons and Higgs field.
The three-body channels with Higgs fields in the final state are shown in Fig.(3) (a)
The obtained expressions for the decay widths are:
This decay width is obtained from the diagram shown in The three-body decay channels with two gauge bosons and charged leptons in the final state are shown in Fig.(4 
We cannot obtain analytical expressions for these decay widths, and we have done numerical integrations of the phase space in the usual way using the numerical routine RAMBO [64] .
Three-body decays with two gauge bosons and charged leptons.
Some of the three-body decays involving only fermions in the final state come from the four-fermion contact operators presented in (3). These operators lead to the tree-level lagrangian in (A2).
The partial decay widths of a heavy Majorana neutrino N decaying to three fermions were calculated including the contributions in the effective lagrangians (A1) and (A2). The decay channels are shown in Fig.(5) . As was previously mentioned, the diagrams (a) and (b) show the resonant contributions coming from two-body decays to W and h bosons. The analytical expressions obtained were presented in our previous work [58] , and for completeness we display them in the appendix B.
Majorana neutrino decaying to three fermions.
III. NUMERICAL BRANCHING RATIOS AND TOTAL DECAY WIDTH
The numerical results for the Majorana neutrino branching ratios and total decay width are presented in the following. In Figs. (6) and (7) It is important to realize that, as we explained in the introduction, we are neglecting the contributions of the N − ν L mixings compared to the effective interactions. In this condition the effective contributions to the branching ratios that we present here are dominant for the scale Λ = 1 TeV considered and for the values of α allowed by experimental data, as will be explained in the next section.
The values for the coupling constants α are limited by bounds coming from electroweak precision data (EW P D) and 0νββ-decay data. In order to simplify the discussion we consider just two numerical sets of values: in set A the couplings associated to the operators that contribute to the 0νββ-decay are restricted to the corresponding bound, α which is the most stringent. The branching ratios, being quotients between partial widths, take very similar numerical values for both sets.
In Fig.(6a) we present the branching ratios of the three-fermion and photon-neutrino channels for the couplings set A. These are the only open channels for Majorana neutrino masses below m W . As it can be seen, for low m N the dominant mode is the decay of N to a photon and a neutrino. Taking the values of the couplings α (i) to be equal for every family i, and also for every tree-level coupling α tree , and taking the one-loop generated couplings as α 1−loop = α tree /16π 2 , we derived an approximated expression for the ratio between the
This limiting value explains the behavior found in Fig.(6a) , showing the neutrino plus photon decay channel is clearly dominating for low m N (in [58] we verify that this channel still dominates over the decay of N to QCD-mesons like pions). This is an interesting fact since we have a new source of photons in astrophysical environments. The implications of this new channel for the MiniBoone [65] and SHALON [66] anomalies were discussed in our previous work [58] . For completeness we present the branching ratios for the two-body decay channels. As we explained in the previous section, the N → νh, W channels are not included in the total width, as their contribution has already been taken into account in the channels where the W and h bosons participate as intermediate resonant states.
Finally, Fig.(8) shows the total decay width dependence on the mass m N for both coupling sets considered, and again a sum over families and channels with particles and antiparticles in the final state is performed. O . We can interpret the current bounds comparing our couplings with the general structure usually taken for the interaction between heavy neutrinos with the standard gauge bosons [68, 69] :
The operators presented in (2) lead to a term in the effective lagrangian (A1) that can be compared to the interaction in (6) for the weak charged current, giving a relation between the coupling α (i)
W and the mixing U lN :
. Nevertheless, as we are neglecting the N − ν L neutrino mixing, no operators lead to a term that can be directly related -with the same Lorentz-Dirac structure-to the interaction in (6) for the neutral current (nor at tree or one-loop level). Some terms in the lagrangian (A3) contribute to the ZN ν coupling, but as they are generated at one-loop level in the ultraviolet underlying theory, they are suppressed by a 1/16π 2 factor. In consequence, we take a conservative approach and in order to keep the analysis as simple as possible -but with the aim to put reliable bounds on our effective couplings-in this work we relate the mixing angle between light and heavy neutrinos (U eN , U µN , U τ N ) with the couplings as U
2Λ 2 , where v corresponds to the vacuum expectation value: v = 250 GeV.
As has been remarked in [7, 8] , the bounds for low sterile neutrino masses, coming from beam dump and rare LNV decays of mesons, are heavily dependent on the decay modes considered. As the effective lagrangian we are considering leads to the decay mode to a photon and an ordinary neutrino, those bounds do not apply in this work. For m N in the range above a few hundred GeV, the electroweak precision data involving lepton number violating processes put the most stringent bounds on the neutrino mixings, except for the coupling constants of the first fermions family where the most stringent limits come from 0νββ-decay. For the second and third families, we find that the most restrictive are the EW P D constraints. In the following we explain how these bounds are translated to the effective couplings α i O . Some of the considered operators contribute directly to the neutrinoless double beta decay (0νββ-decay) and thus the corresponding coupling constants, involving the first fermion family i = 1, are restricted by strong bounds. We explicitly calculated the implications for the effective couplings in our lagrangian.
In a general way, the following effective interaction Hamiltonian can be considered:
where Γ represents a general Lorentz-Dirac structure. Following the development presented in [70] we find
where the numerical constant A depends on the nuclear model used and the lifetime for the 0νββ-decay. We take the most stringent limit τ 0ν ββ ≥ 1.1 × 10 26 years obtained by the KamLAND-Zen Collaboration [71] .
In the effective theory we are considering the lowest order contribution to 0ν ββ -decay comes from the operators containing the W field and the 4-fermion operators with quarks u, d, the lepton e and the Majorana neutrino N . These operators contribute to the effective Hamiltonian (7), with G ef f = α Λ 2 which, as we discussed in the paragraph after Eq.(6), is related with the mixing angle between light and heavy neutrinos as U
2 . We find that the value A = 3.2 fits very well the bounds obtained for the mixings [7, 72] in the literature.
We can translate the limit coming from G ef f on α 
On the other hand, to consider the existing bounds coming from collider, electroweak precision data (EW P D) and Lepton-Flavor-Violating processes we define, following [73] :
Ω ll = U lN U l N where the allowed values for the parameters are [74] :
For the Lepton-Flavor-Violating process (LFV), e.g. µ → eγ, µ → eee and τ → eee, which are induced by the quantum effects of the heavy neutrinos, we have several bounds [27, 67, 75, 76] but the most restrictive one comes from Br(µ → eγ) ≤ 5.7 10 −13 [76, 77] .
This bound imposes |Ω eµ | ≤ 0.0001, and can be translated to the constants α, being 
for fermions of the first family. For the remaining operators we take
in the sets A and B respectively.
IV. FINAL REMARKS
Searches for heavy neutrinos often rely on the possibility that they may decay to detectable particles. The interpretation of the corresponding results of such searches requires a model for the heavy neutrino decay. In this work we consider an effective approach for heavy Majorana neutrino interactions, and calculate the branching ratios for the different decay modes.
Depending on the Majorana neutrinos mass scale, the decay can have effects on different physical contexts like solar/astrophysical neutrinos, collider searches like the those taking place at the LHC, neutrino experiments as OPERA, MiniBoone, SHALON, etc. In particular, the effects on some of this experiments for low mass neutrinos were discussed in [58] .
Summarizing, we calculated the decay modes for the Majorana neutrinos N in an effective theory approach. We presented the analytical results for the dominant channels, discussed the existent bounds taken into account for the effective couplings, and displayed the different branching ratios and the total decay width for the heavy sterile neutrino considered.
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In (A1) a sum over the family index i is understood, and the constants α
O are associated to the specific operators:
. The four-fermion contact operators presented in (3) lead to the tree-level lagrangian:
In (A2) a sum over the family index i is understood, and the constants α
The one-loop level generated operators in (4) give the lagrangian:
where P (a) is the 4-moment of the incoming a-particle and a sum over the family index i is understood again. The constants α (1 − x + y l − y W ) (1 − x + y l − y W ) 2 + y W y Γ W δ i l ,i l P (x) = 2x 3 − x 2 (5 + 5y l + y l ) − 4y l (1 + y l + 2y l ) + x(3 + 10y l + 3y
